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1. Introduction

The Moderate Resolution Imaging Spectroradiometer (MODIS) on-board NASA’s Earth Ob-
serving System (EOS) Terra and Aqua satellites are key instruments for providing data on global
land, atmosphere, and ocean dynamics (Salomonson et al. 1989). MODIS senses al of the
earth’s surface on a near daily basis in 36 spectral bands, spanning the visible (0.415um) to in-
frared (14.235um) spectrum with nadir pixel dimensions of 1km, 500m and 250m. Derived
MODIS land, atmosphere and ocean products are central to NASA’s mission to monitor and un-
derstand the Earth System. NASA has developed and generated on a systematic basis a suite of
MODIS products starting with the first Terra MODIS data sensed February 22, 2000 and con-
tinuing with the first MODIS-Aqua data sensed July 2, 2002.

This chapter describes the production and distribution of the MODIS Land products, from ini-
tial software delivery by the MODIS Land Science Team, to operational product generation and
quality assurance, delivery to EOS archival and distribution centers, and product accuracy as-
sessment and validation. Progress and lessons learned since the first MODI S data were available
in early 2000 are described.

The MODIS Land Science Team is funded by NASA to develop and maintain the science al-
gorithms and processing software used to generate the MODI S products described in this book.
The Science Team is responsible for coordinating, developing and undertaking protocols to
evaluate product performance, both on a systematic basis through quality assessment activities,
and on a periodic basis through validation campaigns. The Science Team was formed in 1989, 10
years before the launch of EOS/Terra. In this period the team provided feedback on the design
and pre-launch testing of the MODIS instruments and the development of elements of the Earth
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Core System (ECS) (Asrar and Ramapriyan, 1995) which are still used to distribute the MODIS
land products (Running et al., 1994). NASA continues to fund the science team to undertake
product development but the emphasis has shifted to product maintenance and systematic quality
assessment.
2. Land Products

The MODIS Land products are divided into three product suites: radiation budget products,
ecosystem products, and land cover characterization products (Justice et al. 1998). The radiation
budget products are used for developing a physical assessment of land surface processes through
a better understanding of the surface/atmosphere energy exchange. They are important, for ex-
ample, in studies of the hydrological cycle, biological productivity, and climate variability. The
ecosystem products measure spatial and temporal dynamics of the Earth’s terrestrial vegetation
and are inputs into global productivity and biogeochemical modeling. They are important, for
example, in studies of ecosystem functioning and characterization of seasonal vegetation produc-
tivity. The land cover characteristics variables measure both anthropogenic and natural changes
in the terrestrial landscape and are used to help understand the causes and impacts of the change.

All of the land products are produced on a global basis. They have different spatial and tempo-
ral resolutions constrained by the resolution of the MODI S instrument and by data storage limita-
tions. The MODI S land product format was developed in an attempt to satisfy the diverse needs
of the user community and the MODI S land product generation algorithms. The format is needed
to enable efficient processing and reprocessing of MODIS land products, and to support flexible
subsequent application of the data. The MODIS products are produced in a hierarchy of four

processing levels. Level 1 (L1) instrument data at full resolution, Level 2 (L2) derived geophysi-



cal parameters at the same resolution and location as the L1 products, Level 2G (L2G) and Level
3 (L3) earth-gridded geophysical parameters and Level 4 (L4) modeled outputs in an earth-grid.

All MODI S products are stored in an enhanced Hierarchical Data Format, known as HDF-
EOS, composed of multidimensional data arrays and descriptive metadata. Special HDF struc-
tures for the L2 and L 3 products were mandated by NASA and supported by NCSA to ensure a
level of compatibility between products from different instruments on EOS satellites. The meta-
data conform to an ECS data model and are used in searching the production system archives,
and may be used by the user community when they search EOS data center archives.

The smallest unit of MODIS data processed at any onetimeat L1 and L2 isagranule. A gran-
ule corresponds to 5 minutes of MODIS swath data that covers approximately 2340 km x 2030
km in the across- and along-track directions, respectively. The 5 minute granule size was chosen
to limit the data volume per file to less than 1GB and to enable distributed processing across a
large number of processors. For the gridded products at Levels 2G, 3, and 4, the smallest unit of
processing is atile. Each tile corresponds to a 1200 km x 1200 km area defined in a global non-
overlapping grid in the Sinusoidal projection. The snow and sea ice products are defined in the
Lambert Azimuth Equal Area projection. The L2 products sensed over each day or night are
binned into an intermediate tiled data format referred to as L2G that contains the original sensed
MODIS observations and their sub-pixel geolocation information (Wolfe et a. 1998). Subse-
guently, in producing the L3 and L4 products multiple observations for each grid cell are com-
bined using criteria specific to each product.

The MODIS Land products are produced by the MODIS Adaptive Processing System
(MODAPS) at NASA’s Goddard Space Flight Center. The products are delivered via the internet
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archived and distributed to the user community. Cryospheric products are sent to the National
Snow and Ice Data Center DAAC at the University of Colorado at Boulder, and al other land
products are sent to the Land Processes DAAC at the USGS Center for Earth Resources Obser-
vation and Science (EROS).

Table 2.1 liststhe MODI S Land products and gives some details on the products:. the level(s),
where the products are archived and distributed, spatial resolution(s) and temporal resolution(s).
3. MODI S Data Production

The initial design of the EOSDIS in 1995 envisioned a geographically distributed production
of the MODIS Land products among three DAACs. GSFC Earth Sciences (GES) DAAC in
Greenbelt, Maryland for L1 and L2 products, the National Snow and Ice Data Center (NSIDC)
DAAC in Boulder, Colorado for the snow and sea ice products, and the Land Processes (LP)
DAAC at the USGS Center for EROS in Sioux Falls, South Dakota for all the other Land prod-
ucts (Justice et al. 2002b). Delays in the development of the EOSDIS led to an alternate approach
to science product generation in 1999. Responsibility for producing L2 and L3 science products
was shifted from the DAACs to the MODI S science team. The science team worked closely with
the Science Data Support Team (SDST) to develop MODAPS. Science team control of the proc-
essing system offered greater flexibility in terms of what new features would be incorporated
into the system and reduced the time to get software changes into the production from 1-2 weeks
to 1-2 days. Archiving and distribution of science products to the public has remained the re-
sponsibility of the three DAACs. However in 2006, the responsibility for archiving and distribut-
ing MODIS L1, Atmosphere and Oceans products were transferred from the GES DAAC to
MODAPS and the Ocean Color Data Processing System to bring support for these products

closer to their science communities. At present, the MODAPS system distributes land products



to the MODIS Land science team members, primarily for quality assessment and to a limited
number of science and applications users while the LP and NSIDC DAACs distribute land prod-
ucts to the genera community.

3.1 Data Flows

Figure 3.1 summarizes Terra MODIS Land data flows from the spacecraft to the end-users.
The MODIS Aqua data flow isidentical to the Terraflow illustrated in Figure 3.1 except that the
instrument data are sent to ground receiving stations in Alaska and Norway rather then White
Sands, New Mexico. The EOS Data and Operations System (EDOS) separates the MODIS in-
strument data from other spacecraft data streams, orders the data into chronological sequence,
and checks for missing or bad data packets, before aggregating the data into 2 hour LO files.
Each 2 hour file is equivalent to the data sensed by MODI S orbiting the Earth approximately 1.2
times. Under normal circumstances, most of the MODIS instrument data are delivered to the
MODAPS within 8 hours of acquisition; missing data may take severa daysto acquire.

Figure 3.2 illustrates the sequence of MODAPS processing required to produce the MODIS Land
products. Ancillary data that include National Center for Environmental Prediction (NCEP) meteorol ogi-
cal data and Global Modeling and Assimilation Office (GMAQ) data are delivered to MODAPS from the
GES DAAC as soon as they are acquired. These ancillary data characterize the atmosphere and are pri-
marily used to generate the MODI S surface reflectance L2 product. Ancillary data delivery lags behind
real-time by approximately 24 hours for NCEP predictions and by up to 2 weeks for certain GMAO data.
For MODI'S, spacecraft attitude data are measured in real-time using on-board gyros and star trackers and
are available for immediate use in the data processing system. Spacecraft ephemeris data (orbit position
and velocity) for MODIS on Terra are generated from an on-board navigation system that provides accu-

rate real-time measurements of the ephemeris, which is also available for immediate use. However, for
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wait up to 24 hours to receive ground-based definitive ephemeris to achieve sub-pixel geolocation accura-
cies.

Once LO files arrive at the MODAPS, processing may be initiated for that current day. Algo-
rithms that can be grouped together in a processing chain are collected into recipes denoted by a
letter and number. The MODAPS scheduler launches an instance of a recipe as a job that runs
on an individual processor and waits until the recipe completes and output products are written to
disk before launching the next job on the processor. Over 900 processing jobs can be run con-
currently.

The L1 products (Level 1B calibrated radiances, Geolocation fields, Cloud Mask and Atmos-
pheric Profiles) are generated first and drive the higher order production streams. Due to differ-
ences in input requirements, the L2 processing is split among three different recipes. The first
recipe (R1) creates the snow, sea ice and fire products. It runs independently on each 5 minute
MODIS granule. The second recipe (R3) is used to create the L2 surface reflectance product. It
requires one full orbit of dataasinput and generates 19 to 20 output granules. This recipe runs up
to 15 times per day and requires all granules from one orbit to be available before starting. The
third recipe (R4) is used to create the daily Land surface temperature products. This recipe di-
vides the globe into six latitudinal zones and runs one processing stream per zone.

L2 data created by the R1 and R3 recipes are binned into the intermediate daily L2G data
products. The L3 daily products are produced from these by selecting the best observation or
combination of observations in each bin, based on algorithms unique to each L3 product. These
operations are performed in the R5 and R5P recipes for equatorial Sinusoidal (most land prod-
ucts) and polar Lambert Azimuth Equal Area (LAEA) projections (snow and sea ice), respec-
tively. The L2G and L3 daily products are temporally composited to create the 8-day products

for Land surface reflectance, Land surface temperature, snow, fire, and LAI/FPAR (recipe R10),



and the 16-day products for BRDF/Albedo, VI and intermediate Land cover conversion products
(recipe R12), and 32-day vegetation and intermediate Land cover products (recipe R14). Findly,
the 32-day products are used to create the NPP/PSN and yearly Land cover products (recipe
R18).

The processing of a current day for MODIS, proceeds at the rate of 2 data-days per day or 2x
(one Aqua MODIS data-day and one Terra MODIS data-day) during which 34,000 files are
staged as input to downstream algorithms or written as output to data archives at the DAACs or
in MODAPS. MODAPS has additional capacity to reprocess L1 and Land products at the rate of
14x as new science algorithms become available and improvements are deemed to be significant
enough to warrant a full reprocessing of the data record. Table 3.1 summarizes product volume
shipped to the DAACs for each 1x of MODIS production. It illustrates the difference in volume
of MODI S products in Collection 4, which were not compressed before distribution, and the new
MODIS Callection 5 products, which use internal HDF compression to facilitate data transfer

and to save storage on end-user systems.

3.2 The MODI S Adaptive Processing System (M ODAPS)
The MODAPS was developed in 1999 to produce global science products from the MODIS
instrument on EOS Terra and Aqua. Figure 3.3 illustrates the hardware components of the

MODAPS production system.

The current MODAPS system runs on 3 processing systems which handle processing, reproc-
essing and large-scale testing of science software changes. Each system is based on a Silicon
Graphics Incorporated (SGI) Origin 300 or 3000 with 100TB of disk and 60 to 100 Intel Xeon-

based servers attached through a high performance network switch. The Intel Xeon-based servers



offer higher performance at a lower cost of ownership than SGI Origin servers though not all
MODI S science software has been ported to run on them. Each production recipe has a dedicated
database server which stores information about the processes running in the system, the location
of al the files on the production disks and relevant metadata associated with each science data
product file. Each of the three production strings is capable of generating in a single day the
equivalent of 3-4 days of MODIS Land products.

MODAPS uses File Transfer Protocol (FTP) to ship land products to the DAACs using an
automated process developed in concert with the DAACs to ensure that products are re-
transmitted in the event of errors. In addition, the MODIS land products are made available to
the science team and a limited number of science and applications users via FTP servers with a
dedicated Web interface that supports searching and ordering against product temporal and spa-
tial attributes and metadata values. The L0 and calibrated L1 MODIS Atmosphere products pro-
duced by the MODAPS are also made available to the public via a similar dedicated interface.
These MODAPS distribution systems are efficient, as the distributed products are stored on
online RAID disk, rather than on slower tape archives. They are also robust, as the web and FTP
servers run on redundant Dell servers (currently 4 dual-processor servers) to ensure highly re-
sponsive performance without downtime. Products are stored in the archive in online Serial Ad-
vanced Technology Attachment (SATA) disk units. Archive storage includes 400TB for holding
L0 products, and 300TB to hold L2 and L3 Atmosphere and Land products. L1 products are too
large to store for the life of the mission and once produced the products are placed on a 100TB
disk-based data pool, from which files are deleted after 30 days, with the exception of certain
frequently ordered areas such as North America and Western Europe. If a L1 product is ordered

after it has been deleted from the data pool, a processing job is automatically initiated to produce



it. During the ordering process, users can also request custom processing of MODIS standard
products from the archive to better suit their needs. Processing options include subsetting and
sub-sampling products, selecting parameters from a multi-parameter product, changing a prod-
uct’s map projection, changing a product’s format (from HDF to GeoTIFF for instance), creating
amosaic of adjacent products and masking areas of a product based on political or geographic
boundaries.

3.3 Softwar e Integration and Testing

The MODIS Land Science Team develop and maintain the science algorithms and processing
software used to generate the MODI S products described in this book. Science team developed
software is delivered to the SDST at Goddard Space Flight Center. The SDST members are re-
sponsible for transforming the software into MODAPS production ready executables and for
testing the production code in the MODAPS processing environment to ensure that it runs effi-
ciently and correctly. The test process involves three levels of testing: unit tests, chain tests, and
science tests.

The science team members provide input and output products with their software that SDST
staff use to ensure that the software is producing expected results. When this occurs, the produc-
tion-ready software passes unit testing. In the following chain test, the software replaces its
predecessor in the production recipe, which is run to see if al processes in the recipe still pro-
duce correct output products and run without errors. Once the chain testing is completed, sci-
ence tests are performed by the Science Team and by the Land Data Operational Product Evalua-
tion (LDOPE) team to ensure that the software update has met its desired goals and that

dependent product quality is maintained or improved by the code update.
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3.4 Algorithm Improvements

The MODIS processing priorities have evolved since MODIS first started acquiring Earth
view data. The early period of MODIS was devoted to addressing problems in the low level al-
gorithms and ensuring proper production of higher order products. The extensive product quality
assessment activities in the months that followed the initial ‘first lightt MODIS data led to a
large number of algorithm fixes and code changes. A streamlined approach to promote code
changes into operational production was adopted to accommodate frequent updates and to ensure
a rapid transition to high quality products. As the agorithms matured, the processing priority
shifted from rapid bug fixes and improvements to the creation of consistent data sets. As a result
of this change, the approach to promote algorithm updates evolved to a more structured proce-
dure. Figure 3.4 shows the sequence of events used in the current approach.

As the products became more mature, the extent of the science test process increased. These
tests now are extensive, involving production of two 16-day periods globally and/or an entire
year of MODIS products over 33 representative tiles. If no problems are identified in the science
test, the science team members prepare Product Change Requests (PCRs) for their software that
document the rationale for the change and the results from science testing. Each PCR must be
approved by the Land science discipline leader and the MODI S science team leader before the
software is promoted to operational status and used to generate science products.

4. MODI S Reprocessing - Collections

As with most science quality satellite data sets, the MODIS Land products will be reprocessed

several times. Reprocessing involves applying the latest version of the science algorithm to the

MODIS instrument data and using the best available calibration and geolocation information. A
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collection number is included in the filename for all products to differentiate between different
reprocessing runs.

The MODIS/Terra Land products generated in the months following first light were designated
as “beta products’ and not appropriate for scientific publication, as many software and algorithm
issues were being resolved. These products were archived in the different DAACs as Collection
1 and were released to allow the users to gain familiarity with the new data formats and parame-
ters (see Figure 4.1). Within ayear after the MODIS/Terra launch most of the Land products ma-
tured to “provisional” status. These provisional products had a quality that was sufficient for use
by the general research community, but users were urged to contact the science team before us-
ing the datain scientific publications. Although the quality of these products was not optimal, the
improvement over the beta data set was substantial and a reprocessing of the MODIS/Terra re-
cord began in July 2001. The provisiona products were archived and distributed from the
DAACs as Collection 3. Further improvements in the algorithms and an on-going validation ef-
fort led many MODIS Land products to achieve a Validated Stage 1 maturity in November 2002.
These science products had uncertainties defined for afew sites and a limited range of conditions
and were ready to be used in scientific publications. The MODIS/Aqua and combined MODIS
Terra and Aqua products were not released until they reached provisional status. To bring the
whole record of MODIS data to the Validated Stage 1 level, a reprocessing of Terra and Aqua
data started in December 2002 and July 2003, respectively. Products generated in this activity are
archived and distributed from DAACSs as Collection 4. More extensive validation activities have
brought most of the MODI S Land products to Validated Stage 2, where the product accuracy has
been assessed over a distributed set of locations representative of the range of conditions encoun-

tered in the data. An improved data set is being created as part of a Collection 5 forward and re-
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processing effort that started in July 2006 and will include new products such as Burned Area
(Justice et a. —in this volume).
5. Quality Assessment

Quality Assessment (QA) is a necessary part of any systematic production system and is inte-
gral to the MODIS Land production process (Roy et al. 2002). The purpose of MODIS Land QA
isto provide the user community with an indication of product quality and to provide feedback to
the science team developers. MODIS Land QA is undertaken by the science team and by mem-
bers of the LDOPE facility. The success of the QA process is attested to by the incremental re-
finements to the science algorithms and production code over the four reprocessed MODIS Land
product collections (Figure 4.1).
5.1 Rationale for Quality Assessment

It is generaly neither desirable nor practical to delay satellite product distribution until prod-
ucts are proven error-free or until known errors have been removed by product reprocessing.
This is because errors may be introduced at any time during the life of the sensing system and
may not be identified for a considerable period, and because certain errors may be negated by
appropriate user action and/or may have benign impacts for certain applications. In addition, the
user community plays an important role in assessing product quality. For example, the NASA
TOMS satellite data failed to reveal the Antarctic ozone hole because abnormally low ozone val-
ues were flagged as bad data. The ozone hole was instead discovered by the British Antarctic
Survey using Dobson ozone spectrophotometer data. Subsequent reanalysis of 12 years of
TOMS data verified the existence of the ozone hole and indicated that it had grown rapidly for

that period over most of Antarctica (Farman et al. 1985).
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The MODAPS production emphasis is on maximizing production efficiency while maintain-
ing the integrity of the data production, transfer, archival and retrieval processes. Product errors
may be introduced at any time, however, due to numerous, sometimes interrelated, causes that
include: instrument errors; incomplete transmission of instrument and ephemeris data from the
satellite to ground stations; incomplete instrument characterization and calibration knowledge;
geolocation uncertainties; use of inaccurate ancillary data sets; software coding errors; software
configuration failures (whereby inter-dependent products are made with mismatched data for-
mats or scientific content); and algorithm sensitivity to these errors and to un-modeled surface,
atmospheric and remote sensing variations.

Itis critical that satellite products are distributed with supporting product performance infor-
mation. Product performance information is required by users in order to consider products in
their appropriate scientific context, and is required by algorithm developers to identify products
that are performing poorly so that needed improvements may be implemented.

The MODIS Land science team has coordinated and developed protocols to evaluate the per-
formance of their products through quality assessment and validation activities. MODIS Land
validation is described in Section 6. Validation and quality assessment results fulfill quite differ-
ent roles (Roy et al. 2002). Users may consider product validation results with respect to the
genera accuracy requirements of their application, but, unlike quality assessment results, valida-
tion results do not describe artifacts and issues that may reduce the accuracy of individual pixels
or files.

5.2 MODISLand Quality Assessment Roles
The MODIS Land QA process is complex, time consuming, and challenging to manage. This

is because of the large number and volume of data products and the complex product inter-
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dependencies (Figure 3.2). A centralized QA facility, the LDOPE, was formed in 1998 prior to
MODIS Terra launch to coordinate the MODIS Land QA process. The LDOPE is staffed by a
small group of scientific staff and is collocated with the MODAPS to enable efficient communi-
cation with the production managers and to ensure rapid data access. The LDOPE personnel un-
dertake routine QA of al the MODIS Land products, track the quality of input products that are
not the responsibility of the Land science team (e.g., the MODI S calibrated radiances and cloud
mask products), check for the propagation of errors through interdependent products, develop
and maintain QA tools, web sites, and procedures, disseminate QA results and information with-
in the science team, and ensure that the QA results are available to the public.

The science team product developers undertake detailed QA of their own products and col-
laborate with the LDOPE and other members of the science team responsible for input (up-
stream) and output (downstream) products. As needed, the science team devel opers update pro-
duction codes and/or science agorithms to rectify issues that have been found. Code updates
frequently necessitate subsequent patches to fix bugs introduced by the update. This is a well
known software life cycle phenomenon, but is complex to diagnose and rectify across the inter-
dependent MODIS Land products. For example, bugs and QA issues found in the cloud mask
product (Platnick et al. 2003) are passed through the surface reflectance products (Vermote et al.
2002) which in turn propagate into the vegetation index (Huete et al. 2002), LAI/FPAR (Myneni
et al. 2002) and BRDF/Albedo (Schaaf et al. 2002) products. The number of code updates was
highest in the first 12 months following launch, when for example, the MODIS Terra Land sur-
face reflectance code was updated 14 times. The code updates are otherwise generally high in the

first several months when the data collection reprocessing isinitialized. These are periods of in-
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tensive science team and LDOPE QA activities. Outside of these periods, systematic QA is un-
dertaken primarily by the LDOPE personnel.
5.3 Product Quality Documentation

MODIS Land product quality information is generated automatically by the algorithm code
and is stored in the products as binary encoded pixel data and as summary numerical and textual
file metadata. This documentation enables users to consult QA results when ordering and using
products. In many cases, MODIS Land products can only be used meaningfully after considera-
tion of thisinformation.

MODIS Land per-pixel QA results are generated by the production code for specific science
data sets and are typically stored as separate datasets in each product file. The per-pixel QA in-
formation varies among the MODI S Land products. Products that can have meaningful error es-
timates assigned to them store per-pixel uncertainty estimates and/or ranges. Information on ex-
ternal factors known to affect product quality and consistency is also stored for each product.
This information includes atmospheric conditions, surface type, viewing and solar geometry, and
whether dynamic ancillary data or backup estimates have been used as input. Additional meta-
data fields that may also be stored include: the science code processing history (such as the logi-
cal criteria used by the algorithm), the results of different algorithm tests, and whether the input
data were useful. To enable consistent interpretation across all the Collection 5 MODIS Land
products, one generic QA bit is used to identify good MODIS Land quality pixels (Table 5.1). In
previous collections, two generic QA bits were used, with the additional bit describing if a pixel
was not produced due to cloud or other effects (Roy et al. 2002). This additional bit was dropped
in Collection 5, reflecting the evolution of certain products to attempt to retrieve pixel values re-

gardless of the cloud conditions.
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File level QA metadata are stored in the MODIS Land products and include product-specific
metadata in addition to generic metadata that describe temporal and geographic attributes, ver-
sion information, filenames of the input data used to generate the product, and file level summa-
ries of per-pixel QA information. All MODIS Land and NASA EOS products carry metadata
summarizing the results of QA procedures performed by the production code and performed af-
ter product generation. These metadata were mandated by the ECS (Lutz et al., 2000). Of these,
the Science Quality Flag and Science Quality Flag Explanation metadata may be set based on the
outcome of QA performed at any time after product generation. The premise for these Science
Quality metadata was that an ECS DAAC could update them at the behest of the science team
and that users would be encouraged to inspect them when ordering products via ECS DAAC or-
dering systems. Because there can be up to three months lag between data production and the
DAAC update to the Science Quality metadata, starting with Collection 3, all MODIS land prod-
ucts are generated with a default Science Quality Flag of “Not Investigated” including a Science
Quality Flag Explanation text directing the interested user to a publicly accessible LDOPE web
site for recent quality updates. The LDOPE web site documents product quality more compre-
hensively than is possible in the Science Quality metadata, although the LDOPE continues to
update and make available the Science Quality Flag metadata on its web sites. The Science Qual-
ity Flag may be set to seven valid states (“Passed”, “Failed”, “Suspect”, “Inferred Passed”, “In-
ferred Failed”, “Being Investigated”, “Not Investigated”). Products that have been labeled as
“Failed” should not be ordered. After the products are obtained users should examine the per-

pixel QA datato filter pixelsthat are unsuitable for their applications.
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5.4 LDOPE Web Site

The LDOPE web site at http://Landweb.nascom.nasa.gov/QA_WWW/ documents the quality
of all the MODIS Land products, with the exception of the MODIS sea ice products, and pro-
vides a number of web enabled services that facilitate product visualization and quality assess-
ment. The web enabled services evolved from the need to routinely sample the MODIS Land
product stream. Standard sampling approaches used in manufacturing would not be efficient
given the high average daily MODIS Land production volume and the non-trivial time required
to quality assess a single product file. Instead, a number of sampling strategies and web enabled
tools were developed to allow representative product samples to be selected for detailed QA and
to enable synoptic quality assessment. 1n 2005 the web site was visited by an average of 150,000

users per month.

5.4.1 Known |ssues
Issues that affect product quality are posted on a Known Issues Web site with example images,
algorithm version, and occurrence information. Issues are categorized as ‘‘pending,”” ‘‘closed,”’
““reopened,”’ or ‘‘note,’”’ and are updated as software updates that fix the problem are promoted
to the production system. This has proven to be an effective way to document the propagation of
issues through the dependent hierarchy of MODIS Land products and to passively communicate
product quality information within the science team and to the user community.
Figure 5.1 illustrates an issue posted to communicate the deleterious impact of a MODI S sat-
ellite maneuver on the gridded MODIS Land products over a forty day period. This issue oc-

curred because the MODI S L 1B and geolocation products did not carry the satellite maneuver in-
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formation and so were incorrectly retained in the production system. As described, the impacted
MODIS Land products were later reprocessed to remove thisissue.
5.4.2 Global Browse

Coarse spatial resolution versions of the MODI S Land products are generated in the MODAPS
by aggregation or sub-sampling to 5km. These are then projected into global images and posted,
as they are generated, on a Globa Browse web site in JPEG format with fixed contrast stretching
and color look-up tables to enable consistent temporal comparison. Users can pan and zoom and
interactively identify data granules by mouse clicks, allowing for synoptic visual inspection and
identification of problematic data files. Figure 5.2 illustrates a Collection 4 Land surface reflec-
tance (Vermote et al. 2002) global browse image.
5.4.3 Metadata Database

The metadata of every MODIS Land product generated in the MODAPS is archived in a data-
base. The database has a web interface that allows the LDOPE personnel and science team to re-
trieve any product file metadata by querying against temporal, spatial, and metadata attributes of
interest. In the early MODIS Land collections the potential of this system was reduced due to
difficulties in maintaining consistent metadata definitions (format and meaning) while the prod-
uct contents evolved. The database is most frequently used to track product inter-dependencies,
both through the different product levels (2, 2G, 3 and 4) and between products. In thisway, for
example, al files affected by a known issue, or, the origin of known issues in input products, can
be identified.
54.4Time SeriesAnalysis

A time series of summary statistics derived from al the gridded MODIS Land products at

fixed globally distributed locations is maintained and monitored by the LDOPE personnel. Prod-
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uct time series analyses are important because they capture algorithm sensitivity to surface (e.g.,
vegetation phenology), atmospheric (e.g., aerosol loading) and remote sensing (e.g., sun-surface-
sensor geometry) conditions that change temporally, and because they alow changes in the
MODIS characterization and calibration to be examined. Time series statistics are extracted at
nine MODIS 1200 x 1200km areas that are expected to be representative of the variability of the
Land products. These are referred to as the land “golden” tiles. A web interface is provided to
enable visualization of time series plots generated with respect to different Land cover and biome
types for each golden tile and provides access to browse images in JPEG format over each
golden tile. Product files with large deviations from the surrounding time series values are exam-
ined in more detail asthey indicate a potential quality related problem. Figure 5.3 shows time se-
ries extracted from the Land surface temperature product (Wan et al. 2002) for the first five
years of MODIS Terra data. The plot immediately confirms two expected results: the seasonal
variation in temperature and the substantial difference between the mean day and night tempera-
tures.
6. Validation Approach

Building on lessons learned from the previous generation of global land imaging systems (Jus-
tice and Townshend, 1994; Cihlar et a., 1997), the MODIS Land team has committed to quan-
tify the accuracy of the MODI S land product suite (Morisette, 2002). Determining the accuracy
of the output products is referred to as validation. The validation activities have resulted in
online accuracy statements for each of the land products. The MODIS Land team maintains and
updates the accuracy statements and posts related supporting material on the MODLAND valida
tion page http://landval.gsfc.nasa.gov, pull-down menu “Val Status’. An example from this site

for the LAI/FPAR product isillustrated below in Figure 6.1.
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While MODIS Land products span a range of spatial scales, accurate validation data are typi-
cally derived from point measurements collected on the ground (Gower et a., 1999). Aggregat-
ing point data over larger areas (scaling up) is a critical component of validating relatively
coarse-resolution global products (Cohen and Justice, 1999). In order to account for differences
in scale, the MODLAND validation team (Cohen et al. 2006; Yang et a. 2006; Morisette et al.
2002) and the international community (Yang et a. 2006; Morisette et al., 2006) have empha-
sized the coupling of field data with fine-resolution airborne or satellite imagery. Establishing re-
lationships between field data and the high-resolution imagery allows extrapolation of the point
measurement to the continuous area covered by the imagery. The imagery can then be aggre-
gated in a way that will alow for comparison with the coarse resolution MODIS data. The
MODIS validation team has coordinated the acquisition of a multitude of medium- to fine-
resolution data sets since 1999 to facilitate the up-scaling of ground measurements to digital data
sets at resolutions used to validate of MODI S products asillustrated in Figure 6.2.

The scaling procedure is greatly enhanced by having the ASTER and MODIS sensors on
board the same Terra platform. This allows for the validation activities to utilize the simultane-
ous, high spatia and radiometric data from ASTER to aggregate field measurement to the
MODIS scale. Clearly the field, high resolution, and MODIS data should be as coincident in
time as possible. How close they need to be in time will depend on the temporal dynamics of the
product being validated. LAI, for example, will remain fairly stable over several days (Yang et
al. 2006). Likewise, field-measured LAl from one day can be compared to imagery acquired
within severa days of the field data. In contrast, active fires are extremely dynamic. Field data
and high-resolution imagery of fires acquired on a different days do not help validate a MODIS

fire product. The ability to acquire coincident ASTER/MODIS data has provided the primary
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validation data for the MODI S fire product (Csiszar et a. 2006; Morisette et al. 2005a; Morisette
et al. 2005b). The Oak Ridge National Laboratory (ORNL) DAAC in Oak Ridge, Tennessee has
archived combined ASTER and MODIS fire validation data for southern Africa (Morisette et al.
2003) and Brazil (Morisette et al. 2004).

Combined field measurements and ASTER high-resolution image data are currently being ex-
plored for validating other MODIS products. MODIS subsets and multi-sensor validation data
acquired over the EOS Land Validation Core Sites are available through NASA’s EOS Land
Validation Core Site infrastructure on the MODLAND validation webpage. These Core Site
pages provide links to ground, airborne, and satellite data sets (Nickeson et al., 2006) coordi-
nated for MODIS validation. The Core Sites were established to provide the general community
with some of the best and simplest opportunities for multi-sensor data comparisons and synergis-
tic science. The Core Site philosophy has been to collect, archive and distribute as much EOS
and other Earth observing satellite data as possible. Readers interested in exploring product and
sensor inter-comparison are encouraged to utilize the data available through the EOS Land Vali-
dation Core Sites.

Some of this product inter-comparison has begun through cooperation within the Committee
on Earth Observation Satellites (CEOS) Land Product Validation (LPV) subgroup
(http://lpvs.gsfc.nasa.gov/). Thisis one of six subgroups of the CEOS Working Group on Cali-
bration and Validation (WGCV). The LPV subgroup is leading international efforts on inter-
comparison of global LAI and Albedo products currently available. As part of these inter-
comparison efforts, an additional set of sites have been established as CEOS LPV Core Sites,

some of which overlap with the EOS Core Sites. The web infrastructure currently supporting the
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EOS Land Validation Core Sites serves as a model for this international effort and is being util-
ized to support the coordination of inter-comparison data sets.
7. Conclusion

This chapter describes the process by which the agorithms and the processing of the MODIS
Land products have evolved since the start of the EOS Terra and Aqua missions. The MODAPS
provided an environment that initially enabled rapid improvement in the quality of MODIS
products and then later provided the stability needed to create a consistent time-series of vali-
dated products. Key to this effort was a committed science team with both the resources and the
responsibility for algorithm development and refinement, as well as, product quality assurance
and validation. The science team was complemented by a central support and data processing
team that coordinated software deliveries, testing and software integration and assisted science
team members by providing operational product quality assessment. A close working relation-
ship between these two groups has accounted for the success of the MODIS land data produc-
tion.

Lessons learned from this effort now are being applied to production of data sets from heritage
instruments such as AVHRR and Landsat and to future missions such as the National Polar-
orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP). In
these efforts the experience of the MODIS science and data processing teams is invaluable in
producing and assessing long-term land data records which will be used to study changes in the

Earth’ s climate and ecosystems.
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Color Key Cage pending | Case closed | Case reopened ‘QA notel Small Imgge

Case #:3D_MOD0S_04105 Opening date: 05/24/04 Last update: 08/16/04
Status: MNote

Several subsets of the dafa are shifted in the scan direction in some of MODO0S daily and 8-day products due to geolocation problem caused
by an orbit drag makeup maneuver performed on data day 2002170 and 2002219,

Following example shows RGE composite images of spatial subsets of band 1, 3, and 4 of daily L2G surface reflectance product for data
day 2002170 and 2002219,

MO DOSGHK, A2002170 H09v0S 004 2003237135838 hdf MODO9GHK. A2002219 h0Bv03 004 2003252211057 b
ST&: RGE of layerd of b, b3, and bd (spatial subset] S8 RGE of layert of b1, b3, and bé (spatial subset)

Note: Similar artifact i5 seen in the 8-day composite Surface Reflectance product made using the bad data. All daily and 8-day products
that use the instrument data for day 2002170 and 2002219 will be reprocessed without the bad orbit,

Cecurrence: Collection 4 on dataday 2002170 and 2002219 (North cenral Canada, "Western Canada, and mid-west of the US),
PGE: v4.0.8

Figure5.1
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Product Name DAAC Level(s) Resolution(s)
Spatial Temporal
Radiation balance product suite
MODQ9 Surface reflec- LP L2G, 250 m, 1 day,
tance L3 500 m, 1 km, 8 days
0.05 deg.
MOD11 Surface LP L2,L3 1km,5km, 5min., 1day,
temperature 0.05 deg. 8 days,
and emissivity monthly
MOD43 BRDF/Albedo LP L3 500 m, 16 days
0.05 deg.
MOD10 Snow cover NSIDC L2,L3 500 m 5 min., 1 day,
8 days
MOD29 Seaiceextent NSIDC L2,L3 500 m 5 min., 1 day
Ecosystem product suite
MOD13 Vegetation LP L3 1 km, 500 m, 16 days
indices 250 m
MOD15 LAI and LP L4 1km 8 days
FPAR
MOD17 PSN and GPP LP L4 1km 8 days, 1 year
Land cover characterization product suite
MOD12 Land cover LP L3 1 km, 1year
and vegetation 0.05 deg.
dynamics
MOD14 Thermal LP L2,L3 1km 5 min., 1 day,

4



anomalies and 8 days

fire

MOD44 Vegetation LP L3 500 m, 250 m 96 day,
Cover Change 1year
and VCF

Table 2.1 MODIS Land data products and characteristics
LP = Land Processes DAAC at the EROS Data Center
NSIDC = National Snow and Ice Data Center
BRDF = Bidirectional Reflectance Distribution Function
LAI = Leaf Arealndex
FPAR = Fractional Photosynthetically Active Radiation
PSN = Net Photosynthesis
GPP = Gross Primary Production

V CF = Vegetation Continuous Fields
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MODAPS Export Volume (GB/day)
Production
(GB/day) LPDAAC NSIDC DAAC | MODAPS
C4 C5 Cc4 C5 Cc4 C5 C5
Levell | 324 227 227
L2-L3
Daily 456 140 265 31 7 1 140
Level 3
8-day > 23 26 70 19 1 19
Totd 803 393 335 50 8 1 524
Key:

Italicized = produced on demand,
Bold = Archived on disk or tape
C4 = Coallection 4 products, C5 = Collection 5 products
Table 3.1 Average daily volume of products produced and archived for each 1x of processing for

products from Collection 4 and Collection 5.
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Per-Pixel Meaning

QA code
0 Pixel produced, good quality, not necessary to examine
more detailed QA
1 Other quality (produced or not produced, if produced un-

reliable or unquantifiable quality, examination of more de-

tailed QA is recommended.

Table 5.1 Generic per-pixel QA stored in all Collection 5 Land products



Fig. 3.1 MODIS-Terraland product data flows, from spacecraft to end-users.

Fig. 3.2 MODIS Land production sequence showing the data flow between algorithms running
in MODAPS. Processes recipes are denoted by aletter and number.

Fig. 3.3 Elements of the MODAPS system.

Fig. 3.4 The MODIS Land science algorithm update and science test process flow.

Fig. 4.1 Summary of the different collections of MODIS data sets produced or planned, the range
of dataincluded in each collection and its production time.

Figure 5.1 Example of aknown issue posted on the LDOPE Web Site (see text for details).

Figure 5.2 Example of a MODIS surface reflectance global browse image posted on the on the LDOPE
Web Site. The MODIS 0.645, 0.555 and 0.469 um bands are displayed as red, green and blue respectively
for MODIS Terra L2 Land surface reflectance sensed on Julian day 2005/150.

Figure 5.3 Time series plot posted on the LDOPE Web Site. Time series of mean 8-day 1km
day and night Land surface temperature (LST) computed over approximately 120,000 grass Land
biome pixelsin a southwestern US tile are shown for 2000 to 2005.

Fig. 6.1 MODIS Land validation web site with accuracy statement and supporting material for
LAI/FPAR (MOD15) product.

Fig. 6.2 Multi-tiered validation scheme involves scaling from field measurements and high

gpatial resolution Earth imaging sensors to MODI S resol ution.
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